Here, we demonstrated the involvement of the domains in Arabidopsis high-light responsive serine/ arginine-rich (SR) and SR-like proteins, atSR30 and atSR45a, respectively, in subcellular and subnuclear distribution using a series of structural domain-deleted mutants. Judging from the localization of the transiently expressed domain-deleted mutants in onion epidermal cells, the C terminal low complexity domain rich in arginine-serine repeats (C-RS) domain of atSR30 appeared to be necessary for the nuclear localization. On the other hand, the N-terminal RS (N-RS) domain of atSR45a was necessary for the accurate nuclear localization, although the N-or C-RS domain alone was sufficient for the nuclear speckled organization. The phosphorylation of RS domains of atSR45a is irrelevant to the regulation of its localization. atSR45a and atSR30 were co-localized in the speckles, suggesting their collaborative roles in the regulation of alternative splicing events.
Alternative splicing is important for the fine-tuning of gene expression at the post-transcriptional level in both the animal and the plant kingdom. Differential intron removal makes possible the production of splice variants each of which might code for isoforms affecting posttranscriptional modifications, subcellular localization, and the ability to interact with partners. [1] [2] [3] [4] In addition, alternative splicing can influence the translational control and stability of mRNA transcripts. The number of genes whose pre-mRNAs are known to be alternatively spliced has increased tremendously in recent years, from a few hundred to many thousands. [5] [6] [7] [8] [9] Importantly, many alternative splicing events in plants occur in specific cells and tissues at specific stages of development, and/ or during environmental changes including biotic and abiotic stress, 10, 11) suggesting that alternative splicing is regulated by specific proteins.
Serine/arginine-rich (SR) proteins are known to play roles in the determination of an alternative splice site and thereby in the regulation of alternative splicing efficiency. [12] [13] [14] [15] [16] [17] [18] [19] SR proteins are characterized by a modular organization, generally consisting of an Nterminal domain with one or two RNA recognition motifs (RRMs) and a C-terminal domain rich in Ser and Arg residues, called the RS domain (C-RS).
20 ) The RRM domain is thought to determine RNA binding specificity, whereas the RS domain is involved mainly in proteinprotein interactions. In addition, SR proteins are known to be regulated by reversible phosphorylation of the RS domain, as appears to be required for spliceosome assembly and for splicing coupling with downstream cellular processes, such as mRNA localization, export, stability, and translation efficiency. 11, 13, 17, 18, 20) It is likely that eukaryotic cells regulate gene expression by spatially organizing the molecular machinery involved in many nuclear events, including splicing events. In the interphase nucleus, SR proteins are located primarily in irregularly shaped domains, called nuclear speckles, which correspond to interchromatin granule clusters and perichromatin fibrils under the electronmicroscope. 17, 21, 22) The speckles are thought to act as storage, assembly, and/or modification sites from which splicing factors are recruited to perform premRNA splicing at the transcription sites.
Recent studies have focused on the distribution and dynamics of plant SR proteins by immunofluorescence microscopy and green fluorescent protein (GFP). In plants, SR proteins have been divided into six subfamilies in view of domain construction. 16) In addition, Arabidopsis thaliana has two SR-like proteins, atSR45 and atSR45a, which possess two RS domains at the N-and the C-terminus. 23, 24) Among the SR and SR-like proteins in Arabidopsis, atSR45, atRS31, atRS2Z33, atSR34, atSR30, and atRSZ22 occur in irregular nuclear domains similar to mammalian speckles. 23, [25] [26] [27] [28] [29] In tobacco (Nicotiana tabacum) protoplasts, members of different SR protein subfamilies in Arabidopsis localize into distinct populations of nuclear speckles, with no, partial, or complete co-localization. 30) Furthermore, atRSZ22, a member of the RSZ subfamily, exhibits an unusual dynamic distribution in the speckles and also within the nucleolus. Phosphorylation of the RS domain influences subcellular distribution, including the nuclear localization, of atRSZ22. 28, 31) In addition, it has been suggested that the nucleocytoplasmic shuttling of atRSZ22 is at least partly controlled by a CRM1/ exportin1, a nuclear export receptor, -dependent export pathway, 31) but the regulatory mechanisms underlying the nucleocytoplasmic transport of plant SR factors remain poorly understood, and information on the functions of their motifs in transport processes is also limited.
Previously, we identified high-light responsive Arabidopsis SR and SR-like proteins, atSR30 (At1g09140) and atSR45a (At1g07350) respectively, whose gene expression and alternative splicing are regulated by high-light irradiation. 24) atSR45a, a homolog of the Drosophila Transformer-2-like protein, 11) has an Nterminal low complexity domain rich in serine and arginine-serine repeats (N-RS) in addition to RRM and C-RS domains, similarly to other SR proteins (Fig. 1A) . In addition, atSR45a was distributed predominantly in speckle-like structures of the nucleus, and interacted not only with other SR proteins (atSR45 and atSCL28) but also with U1-70K and U2AF
35 b, splicing factors in the initial definition of the 5 0 and 3 0 splice sites respectively, and PRP38-like protein, a homolog of the splicing factor essential to the cleavage of the 5 0 splice site. 24, 32) atSR30 is highly homologous to mammalian alternative splicing factor ASF/SF2 (SRSF1), which has two N-terminal RRM domains and one C-RS domain (Fig. 1A) . Furthermore, atSR30 interacts with atRS2Z33, atSCL28, atSCL30, and atSCL30a. 30, 33) These results suggest that atSR45a and atSR30 contribute to the formation of the spliceosomal complex and thus play important roles in the regulation of alternative splicing in response to highlight irradiation.
In this study, we analyzed the subcellular distributions of atSR45a and atSR30 and the involvement of their domains. Our results suggest that the RS domains of atSR45a and atSR30 are required for accurate distribution in plant cells, and that atSR45a and atSR30 play collaborative roles in the regulation of alternative splicing events.
Materials and Methods
Binary vector construction. Plasmids for expressing atSR45a and atSR30 fused with red fluorescent protein (TagRFP) and cyan fluorescent protein (CFP) were constructed using the vector for transient expression of TagRFP-fusion protein (pUGW2-TagRFP) and CFP-fusion protein (pUGW2-CFP) respectively by GATEWAY cloning technology (Invitrogen, Paisley, UK). The cDNAs encoding the open reading frames of atSR45a and atSR30 were cloned into donor vector pDONR201, and then re-cloned into destination vector pUGW2-TagRFP or pUGW2-CFP, in which the cDNAs were located downstream of the cauliflower mosaic virus 35S promoter (CaMV 35S) and were expressed as a fusion protein with TagRFP or CFP (atSR45a-full-Tag RFP, atSR45a-full-CFP, and atSR30-full-TagRFP). For all constructs, coding sequences were amplified from an appropriate source by PCR using PrimeSTAR HS DNA Polymerase (Takara Bio, Osaka, Japan). The primers specific for the 5 0 upstream regions of atSR45a and atSR30 mRNAs with the attB1 sequence were as follows: attB1-SR45a-5
. The termination codons of the atSR45a and atSR30 mRNAs were removed by the following primers having the attB2 sequence: attB2-SR45a-3
. The coding sequences of the domain-deleted mutants for atSR45a, atSR45aÁC-RS-TagRFP, atSR45aÁN-RS-TagRFP, atSR45aÁN-RS/ÁC-RS-TagRFP, and atSR45aÁN-RS/ÁRRM-TagRFP were amplified directly from pUGW2::atSR45a-full-TagRFP (with the corresponding 5 0 primer sets:
0 , and 5 0 -GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGGC-AAGACGTCGTAG-3 0 , and the 3 0 primer:
0 . The coding sequences of the domain-deleted mutants for atSR30, atSR30ÁC-RS-TagRFP, and atSR30ÁRRM-TagRFP were amplified directly from pUGW2::atSR30-full-TagRFP (with the corresponding 5
0 , and 5 0 -GGGGACAAGTTTGTACAAAAA-AGCAGGCTGGATGGAATATGAGTCGAGG-3 0 , and the 3 0 primer:
Transient expression of atSR45a and atSR30 in onion epidermal cells and labeling of the cells. The plasmids for transient expression were bombarded with gold particles into onion epidermal cells (Allium cepa cv Tango; Martin Produce, Greeley, CO) as described. 34) Gold particles (1.6 mm in diameter) coated with 3.0 mg of plasmid were applied to onion epidermal cell layers by particle bombardment using the Bio-Rad PDS-1000/He system (Bio-Rad, Hercules, CA) under the following conditions: vacuum: 28 inches Hg, target distance: 6 cm, and helium pressure: 1,100 psi. After incubation for 12 h at 25 C in darkness, the onion epidermal cell layers were incubated for 30 min with 1.0 mg mL À1 of 4 0 ,6-diamidino-2-phenylindole (DAPI) to label their nuclei, rinsed briefly with distilled water, and then subjected immediately to microscopic analysis. Fluorescence images were obtained using a fluorescence microscope (model BZ-9000; Keyence, Osaka, Japan). In each analysis, at least 30 randomly chosen cells were scanned and analyzed.
Inhibitor treatment. Fragments of transformed onion epidermal cell layers were used in the drug treatments. Briefly, the layers were submerged in 100 mM staurosporine, 5 mM okadaic acid (SigmaAldrich Japan, Tokyo), or water as control for 3 h, rinsed briefly with distilled water, and then subjected immediately to microscopic analysis.
Accession numbers. The nucleotide sequence data reported here are available at the DDBJ/EMBL/GenBank databases under accession nos. At1g09140 (atSR30) and At1g07350 (atSR45a).
Results

Subcellular distributions of atSR45a and atSR30 in onion epidermal cells
As reported previously, the genes encoding atSR45a and atSR30 produce alternatively spliced mRNA variants. 24, 35) Therefore, to confirm the subcellular distributions of atSR45a and atSR30, the cDNAs encoding the presumed mature forms (atSR45a-2 and atSR30 mRNA1) were fused to TagRFP (Invitrogen) and transiently expressed in onion epidermal cells by particle-mediated transformation. In the fluorescent microscopic analysis, full-length atSR45a fused with TagRFP (atSR45a-full-TagRFP) was detected in the nucleus (Fig. 1A and B) . Full-length atSR30 fused with TagRFP (atSR30-full-TagRFP) was distributed in both the nucleus and the cytoplasm.
Effects of deleting domains on the subcellular localizations of atSR45a and atSR30
Next we investigated to determine which domains are required for the distribution of atSR45a and atSR30. Fusion proteins composed of TagRFP and atSR45a missing the C-terminal RS domain (atSR45aÁC-RSTagRFP), the N-terminal RS domain (atSR45aÁN-RSTagRFP), the N-and C-terminal RS domains (atSR45aÁN/C-RS-TagRFP), or the N-terminal RS and RRM domains (atSR45aÁN-RS/ÁRRM-TagRFP) were expressed transiently in onion epidermal cells (Fig. 1A) . atSR45aÁC-RS-TagRFP was detected only in the nucleus, while atSR45aÁN-RS-TagRFP and atSR45aÁN-RS/ÁRRM-TagRFP were detected not only in the nucleus, but also in the cytoplasm (Fig. 1B) . These proteins showed speckled patterns in the cytoplasmic area. atSR45aÁN/C-RS-TagRFP was also distributed in the that area (Fig. 1B) .
A fusion protein composed of TagRFP and atSR30 missing the C-terminal RS domain (atSR30ÁC-RSTagRFP) was distributed in the cytoplasm and Golgilike apparatus (Fig. 1B) . Like full-length atSR30, an RFP-fused protein deleted of the RRM domain (atSR30ÁRRM-TagRFP) was distributed in the nucleus and cytoplasm.
Subnuclear distribution of domain-deleted mutants of atSR45a and atSR30
Next we analyzed the roles of the domains of atSR45a and atSR30 as to subnuclear distribution. Almost all the deleted proteins, atSR45a-full-TagRFP, atSR45aÁC-RS-TagRFP, atSR45aÁN-RS-TagRFP, and atSR45aÁN-RSÁRRM-TagRFP, exhibited a speckled pattern in the nucleoplasm (Fig. 2) . atSR30-full-TagRFP and atSR30ÁRRM-TagRFP were distributed in the nucleoplasm and showed a speckled distribution.
Effects of inhibition of phosphorylation/dephosphorylation on the subcelluar and subnuclear distributions of atSR45a and atSR30
Since the distributions of various SR proteins and interactions among SR proteins are known to be dependent on the phosphorylation status of the RS domain, 28, 31) we examined the effects of dephosphorylation of atSR45a and atSR30 on their nuclear distribution using a phosphorylation inhibitor, staurosporine, an inhibitor of protein kinases.
In Mock (water)-treated onion epidermal cells, both atSR45a-full-TagRFP and atSR30-full-TagRFP were distributed in the nucleus and showed a speckled pattern (Figs. 3 and 4) . On treatment with staurosporine, the nuclear localization and the speckled organization of atSR30-full-TagRFP were inhibited; the protein was distributed in the cytoplasm and Golgi-like apparatus. Notably, no effect was observed on the subcellular or subnuclear distribution of atSR45a-full-TagRFP in the staurosporine-treated cells (Figs. 3 and 4) .
Treatment with a general phosphatase inhibitor, okadaic acid, however, did not prevent the normal speckled pattern of atSR30 and atSR45a (Figs. 3 and 4) . In agreement with our results, it has been reported that the speckled distribution of mammalian SC35 (SRSF2) was not inhibited by okadaic acid. 36) No difference was observed in the subcellular distribution of TagRFP alone as between Mock, staurosporine, and okadaic acidtreated onion epidermal cells (data now shown), but we cannot rule out the involvement of phosphatases in the regulation of the localization of such SR proteins, since it is conceivable that both hyper-and hypo-phosphorylation of SR proteins cause the speckles to disassemble, and intermediately phosphorylated SR proteins are required for their structural integrity.
36)
Co-localization of atSR45a and atSR30 in onion epidermal cells
For co-localization studies of atSR45a and atSR30, CFP (atSR45a-CFP) or RFP (atSR30-TagRFP)-tagged proteins were transiently co-expressed in the onion epidermal cells. Fluorescence due to the respective fusion proteins was detected as a speckled pattern in the nucleus (Fig. 5) . Importantly, the patterns completely overlapped, indicating the co-localization of atSR45a and atSR30 in the nucleus.
Discussion
In this study, to define the domains required for the subcellular and subnuclear distribution of atSR45a and atSR30, we analyzed the distribution of fluorescent protein-tagged deletion mutants in onion epidermal cells. The full-length forms of atSR45a and atSR30 displayed a predominantly nuclear speckled organization in the cells (Figs. 1 and 2 ). The presence of the RS domain has been reported to be sufficient for a speckled localization for a subset of SR and SR-related proteins. 37, 38) The C-RS domain of atSR30 was necessary for both nuclear localization and organization ( Figs. 1  and 2 ). In mammals, the extent of nuclear distribution and speckled distribution of a mutant of ASF/SF2 (SRSF1) lacking the entire C-terminal RS domain were lesser than that of full-length ASF/SF2. 39) This finding and the present results suggest that the C-RS domain of ASF/SF2-type SR proteins in plants and mammals is indispensable to their localization. Full-length atSR30 was localized not only in the nucleus but also in the cytoplasm (Fig. 1) , although the closest homolog of atSR30, atSR34, was reported to be localized exclusively in the nucleus. 27) At present, we cannot not rule out the possibility that overexpression of atSR30 causes incorrect organization in vivo, but this result suggests that atSR30 is involved in the nucleocytoplasmic transport.
It has been reported that certain alternatively spliced variants produced by the atSR30 gene encode truncated proteins lacking the C-RS domains caused by the presence of a premature amber codon, although they might be targets of nonsense-mediated decay (NMD). 24, 35) Importantly, the efficiency of alternative splicing producing these truncated variants was suppressed under various stressful conditions. These findings and the results obtained here suggest that the C in darkness, the onion epidermal cell layers were incubated for 30 min with DAPI and then immediately subjected to microscopic analysis by fluorescence microscope (model BZ-9000; Keyence). For each analysis, at least 30 randomly chosen cells were scanned and analyzed, and representative images are shown. The nucleus was counterstained with DAPI in all images. DAPI and RFP images are merged (merge). A bright-field image (trans) of the same system is shown in the right panel. Scale bars, 50 mm. truncated atSR30 variants are not functional as splicing factors and that the action of atSR30 as a splicing factor is regulated by alternative splicing events in response to stress.
The N-RS domain is characteristic of plant specifictype SR-like proteins, such as atSR45. 23) Ali and Reddy reported that although the N-RS or C-RS domain alone of atSR45 is sufficient for localization to the nucleus, C-RS is necessary for speckle targeting. 40) On the other hand, the N-RS of atSR45a was necessary for nuclear localization; the mutants lacking N-RS was distributed not only in the nucleus but also in the cytoplasm, while full-length atSR45a and mutants having the N-RS domain was distributed only in the nucleus (Fig. 1) . In contrast, the N-or C-RS domain alone was sufficient for speckled organization in the nucleus (Fig. 2) . Thus it is likely that there is a unique regulatory mechanism for the localization of plant Transformer-2-like protein.
Since the atSR45a gene produces alternatively spliced variants encoding truncated proteins lacking the respective C-RS domains, 24) it is possible that such truncated variants are at least partially functional.
SR proteins are phosphorylated, and the localization patterns of various SR proteins and interaction among the SR proteins are dependent on their phosphorylation status. 22, 28, 31, 40, 41) In mammalian cells, a number of SR proteins shuttle continuously between the nucleus and the cytoplasm, and this dynamic behavior has been tied to their post-splicing activities, such as mRNA export and translation efficiencies. 11, 13, 17, 18, 20, 42, 43) Importantly, phosphorylation of the RS domain of such SR proteins affects the shuttling properties. In addition, relocation of mammalian SR proteins from speckles to genes actively transcribed has been found to depend on their phosphorylation status. 41, [44] [45] [46] In the case of atSR30, inhibition of protein kinase activity by staurosporine caused suppression of nuclear localization and speckled organization C in darkness, the onion epidermal cell layers were incubated for 3 h with water (Mock, top), 100 mM staurosporine (middle), or 5 mM okadaic acid (bottom), and then subjected immediately to microscopic analysis by fluorescence microscope (model BZ-9000; Keyence). For each analysis, at least 30 randomly chosen cells were scanned and analyzed, and representative images are shown. A bright-field image (trans) of the same system is shown in the right panel. RFP and trans images are merged (merge). Scale bars, 50 mm. (Figs. 3 and 4) . The localization of atSR30 under staurosporine treatment was similar to that of RS domain-deleted mutants of it. These findings suggest that the C-RS domain of atSR30 is involved in its shuttling between the cytoplasm and nucleolus, probably through the levels of phosphorylation. The morphology of speckles is thought to be established by an equilibrium of influx and efflux of SR proteins in speckles. 46) It has been reported that the application of kinase inhibitors blocked the efflux of mammalian ASF/SF2 (SRSF1) from the speckles, leading to enlargement of them, 47) but inhibition might cause decreased influx or increased efflux of atSR30. Thus, it is likely that inhibition of kinase has opposite effects on nuclear transport depending on the type of SR protein or the biological species.
Previously, by liquid chromatography-tandem mass spectrometry (LCMS/MS/MS), a total of five phosphorylation sites were detected in the C-RS domain of atSR45a, 48, 49) suggesting that phosphorylation of the C-RS is involved in the regulation of localization. Treatment with staurosporine, however, had no effect on the subcellular or the subnuclear localization of atSR45a (Figs. 3 and 4) . It has been reported that inhibition of phosphorylation impairs the speckled organization but not the nuclear localization of the SR-like protein, atSR45, 23) suggesting that the efflux of atSR45 from the speckles is regulated by the phosphorylation status in its RS domains. Unlike atSR45, our results suggest that the nuclear transport and the speckled organization of atSR45a are not regulated by phosphorylation. Considering the importance of the N-RS domain of atSR45a in nuclear transport, there is a possibility that the interactions of the N-RS domain with other nuclear factors determine its distribution in the cells.
Many studies have found that pre-mRNA splicing takes place co-transcriptionally. 22, [50] [51] [52] [53] [54] [55] [56] In this model, the speckles are thought to serve as reservoirs for splicing factors that are not engaged in splicing. Upon transcriptional activation, splicing factors are recruited to the sites of transcription, which are usually positioned on the periphery of the speckles. 41, 47, 50, 57, 58) In general, the role of SR proteins in pre-mRNA splicing is redundant for many genes, but specific transcripts require particular SR proteins for splicing as well. 14, 59) Thus the partitioning of SR proteins into distinct speckle populations might serve a regulatory role in the splicing of specific pre-mRNAs. Here, we found that atSR45a and atSR30, the high-light responsive SR proteins, are co-localized in the same speckles (Fig. 5 ). This suggests that atSR45a and atSR30 cooperate in the regulation of alternative splicing events of the genes involved in highlight stress responses.
